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SUMMATY

Solid naphthalene was melted and used as fuel in a
modified CFR variable~comprossion ongine at a speed of 2000
rpm. Most of the tests were made at a compression ra.tio of
8 and inlet-air temperatures of 100°, 200°, and 300° ¥F. A
sories of constant inlot~air prossures was used and the fuel-
alr ratio wes varioed through a range as permitted by tho en-
gine. The amount of boost used was limitod elther by the
capacity of the laboratory blower system or a condition of
rough running which is described. A few tests were mado at
comprossion rrtios of 9, 10, and 11 and an inlot-air tem~
verature of 100° F.

In order to detormine the possibilities of naphthalcne
o8 a fuel, the porformance was comparcd to that of a mixturo
of S=1, a technical grade of lsococtanc with an octane rating
of almost 100, »nlus g O ml TEL por gallon. Engine conditions
woro the seme as for the naphthalore tests oxcopt the inlet-
alr pressure vas boostod to the poirnt of incloient knock over
the fuel-alr-ratio range.

INTRODUCTION

An investigation of the possibilities of naphthalene
as a fuel for use in aircraft engines wes roquested by the
Bureau of Aeronsutics, Navy Dopartmeat.

Tho history of naphthalene~pouerced engines dates back
to 1907 whon tho first one was built in Germany. From 1911
to 1914, rocords indicato that e number of these englnes,
which vere fltted with melting tanks and heating devices to
reduce the fuel to its liquid state, wore used in Germany
and ¥rance., Bomo of the enginocs used an auxiliary fuol,
such as bonzol, for starting. The output of the first enginos




ranged from 4 to 20 horsepower and was later increased to 4
horascpovwer. Information concerning the performance of ncph-
thalene or condltions of operation is not available although
one of these ongines had a compression ratlo of 6. At that
timo a good futurc wes proedicted for the naphthalene engine
when starting difficultles were overcore,

In the presen% investigation, 1t was first planned to
use naphthalene in the solld state; however, difficulties in
rulverizing the materlal necessitated a change to a fuel sys-
tem that would permlt the uso of naphthalene 1n the ligquid
state. The fuel system devised for the purpose was success-
fully used to obtaln engine performance data on naphthalene.

These tests were conducted during 1940-1941 at the NACA
Langlay ¥ield laboratory.

APPARATUS

The engine used was a CIR variable~comoression single-
cylindor unit with a Zi-inch bore and a Y&-inch stroke fitted
with a high-speed crankcase and connected directly to a cradle-
tyve electric cynamometer. The cylinder was of special design,
having four openings in the head. Unshrouded sodium-cooled
intake and exhaust valves were used. The intake valve openod
at 10° A.7.0. and closed at 34° A,B.C.; the exhaust valve
opened at 40° B,T.0. and closed at 15° A.T.C.

The alr-induction gystem consisted of a comnection to
the main air supply line followed by & pressure~control valve,
& thin~plate metoring oritfice, an electric heator tank, and
a gurge tank. Inlet-air temperature was regulated by moans
of a bypaass around the heater tank, which controllod tho mix-
ture of cold and heated air ontoring the surge tank. Inlet-
alr temperatures wero measured wlth a thermometer below the
surge tank, as shown in figure l. A mercury manomoter con-
nectod to the surge tank was used to indicate inlet-air pres-
sures. Anothor mercury manometer connected ahead of the ori-
fice plate and a differential water manometor connected across
the orifice plate wore usod to determine the weight of air
flowlng by mecans of a famlly of curves computed for the per-
ticular orifice diameter usod. The intake menifold was made
of pipe and flexible-gtoel hose and provided meazns for seating
and clamping the injectlion valve in placc.



The fuel eystom was complicatod because of.1he:nccessity
of using the fuel in its molten state. (See.fig. 2.) Huol-
supply #nd fuel-welghing tanks woro insulatcd and provided
with heating coils. All fuel lines wore coverod with a con-
contric jacket and surrounded with & heating fluild. The need
for a jackoted injoctlon pump through which heating fluld
could be circulated nocessitatod a special design of this
unit. A standard plunger and sleeve assembly and drive mech-
aniem vore incorporeted in a housing that contalnod passages
for the heeting fluid around the plunger sloeve. A standard
injoction valve with a pintle nozzle was onclosed wilthin a
hoavy shoot~brass jacket, as shown in figures 3 and k.

Dibutyl ohthalete, & steblo and noncorrosive fluid at
high temperaturecs, was uscd as the heating medium and circu-
latod through or around the ontjire fuel system. A diagram-
matic layout of the fuel systom is shown in figurec 1. The
flow of hoating fluid after loaving tho rosorvolr nnd honter
tank wae dlvided into two clrcuite with a thermombter placod
at each return. It waa nocessa.rg to m=intain the temperature
of the returning fluid above 220° F in order to prevont fuel
from solidifying at oxposed fittings and ccnnections., A com=
binzd hoating capecity of 8500 watts was required to hold
this tomporaturo.

So0lid nephthalone in flake or small crystallinoe form vwae
moltod in the upver fuol taniz and peramltted to flow through
e valvo at tho bottom to both the woighing tenk on the scele
platform and tho injection pump. Flow from the wolghing tank
to the injectlon pump was induced by a siphon head of appro:xi-
mately 24 inches. The siphon wms started by ¢ rubber buld
attached to a blooder petcock at the small fuel reservolr
vithin the uppor portion of the injection pump. With this
arrangoment, 1t was possible to revlenish the welghing tank
without interruption of the siphon while the onglno was running,
The fuol-weighing dovice was similar to the one supplied for
CFR onglines.

Two spark plugs (Champion RJ-11% with individual iznition
coils worc usod for those tests. One plug wes mounted in the
rear of the engine betwoen the velve push rods and the other
wvas mounted in a vertical position at the place usually oc-
cupled by the bouncing pin. The roar spark ylug was connocted
in parallel with tho neon-tube spark position indicator.




4 cathode-ray oscillograph with a proamplifier was used
at all times to observe kmock, preignition, and cyclic varia-
tions. A plesoelectric orystal pickup wes mounted in the
head opening nearest the flywheel. In order to obtain a more
sonsitive indication of inciplent knock, a single differenti-
ating filter was inserted between the oscillograph and the
preamplifier, which produced o rate of change of pressurc
dlagram on the screen. This fllter consisted of e 0,0002~
microfarad coupling condenser between the oscillograph and
preamplifior with a 100,000~ochm resistor shunted across the
oscillogreph vertical input terminals. The action of the
filter was to supprees frequenclies in the order of englne
speed without affecting the hlgh-froquency vibrations caused
by incipient or =zudible knock., In order to maintein frequency
synchronization at ony engine epecd, the horlzontal sweep
circult was externally controlled by e rotating contactor
mounted on an extension of the distritution shaft.

Ethylene glycol was used as a coolant in the ovapor-tive-
type cooling system throughout the inveatigation; the tempera-
ture varied from 315° to 320° ¥. An electric hester and cir-
culating pump were used to bring the ongine head up to opor-
oting temperature before starting,

When the engine was operated with a liquid referonce
fuel, the various heating tenks were replaced with a conven-
tional fuel tonk and a welghing astand. Oooling water vas
circulatod through the Jacketed 1njection pump and the jack-
eted injection valve to prevent vapor loclk,

JUELS

Tho fuels woere naphthalone, in a molten statoe, and a
mixture of S~1 plus 6 ml TEL por gallon. Theo etandard CFR
reforence fuel, 81, 1s a technical grede of isooctano with
an octane rating of almost 100. The proporties of naphtha-
lcne and isooctene are llated in the following tablot



Fuel Naphthalene Isooct~ne
Formula 010 ES GS ElS
Molecular wolght 128 114
Bpocific gravity 1.145 .692
Molting voint, °F 176 161.1
Boiling point, °F hol L 210.6
Flagh point, °F 184
Latont hoat of fusilon,
Btu/1b 64.1
Normal state Colorless monclinic | Colorless
cryctal liquid
Net heat of combustion, .
Btu/1d 16,740 19,150
Thoorotical fuol-air
mixturo .0769 . 0652

Betio of not heat of combustion —-220ctene 19,150 1.144
naphthelene 16,740

PRELIMINARY TESTS WITH ALPHA METHYLNAPETHALENE

Whilo the Jackoted pump was boing built, a serios of
oxporinonts woro made using slphe mothylnephthaleno, which 1s
chenicrlly similsr to naphthalene but liquid at ordinnry tem—
poretures. Alpha methylnaphthalene is used as the zoro ref-.
erence fuel in cetane~number doterminetions. A 20-porcont
solution of naphthalene in alpha mothylnaphthalene ead leaded
alpha mothylnaphthaleno was also used. Most of tho experimonts
wore mrnde with no boost but one series was mede with a boost
of 5 and 10 inches of mercury above atmosphoric. In each ceeo,
& wide range of fuol-alr ratios was coverod and the compression
retlo relised £t each fuel-air ratio until inclpilent kmock
bogan. Recdings of power and fuel consumption were takon.

The maximum nonkmocking compresusion ratio for alpha mothyl-
naphthaleone with no boost was about 8 et a fuel-ailr ratio of
0.075, about 9 at a fuel-eir rctio of 0.100, and about 1l at

a fuol~plr ratio of 0.130. Tho addition of 3.0 ml TEL per
gnllon roised the allowable comprossion ratio sbout one-third
of a ratio =t all fuol-alr ratlos. The addition of naphthalene




to alpha methylnaphthalene lowerod the allowable compression
retio about one-half retio.

A gorlies of check teste made with S~1 fuel at the same
engine conditions showed thet alpha methylnaphthalene wea
inferior in all respects to 100-octane fuel. Compression
ratios of 1 to 2 higher could be used with 5-1 than with un-
leaded slpha methylnaphthalene, and compresslon rntios 3 to
3.5 higher could be usod with S-1 plua 3.0 ml TEL per gnllon
than with aloha methylnephthalone with the same lord addition.
Highor indic~tod moan effective pressurcs and lower fusel con-
sumptions wore obtninod with S-1.

All toste with alpha methylnephthalone were mndo with
inlot-rir temmeratures of about 310° F in ordor to orevont
oxcceslve dilution of crankease oil with unveporized fuol.
Dilutions es high ns 11.5 percont were mcasurod after 3 hours
of oporrtion at an inlet-air torworature of 300° F. When
cthylecne glvcol vas substituted for wetor 2s tho evavorativo
coolent, howovor, the dllution after 3 hours wms decreascd
to 3.5 porcont. Fouling of the ooark plug occurrod when the
inlot-rir terpersture droppod below 300° F.

PERYBAAKCE TESTS

Molten nephthalenc wes used at an cngline spood of 2000
rom, compression ratio of 8, inlot-pir tompersaturos of 100°,
200°%, nnd 300° ¥ and ~t tho highest possible inleot-nir pros-—
suros. No ettempt was mndo to regulate or record nixturec
tomper~tures bocauso of tho emall distenco, sHproximntoly 1
irnch, botwoen tnc tlp of tho injection nozzle and the intnlk
vort of thc ongina. A thormometer placed at that point,
dircctly in the fuol spray, would not have given a true in-
dication of nmizture tomporaturo. With tho inlect air ot 100°
cnd 200° ¥, maximun porformence of the fuol was not attained
due to insufficiont capacity of the lrboratory bdlower system.
At thn timo the naphthalene tests worc mnde, tho maximum ealr
vrossurc ~vollablo nt the onglnc intolo rort wns ~bout 57 in-
eras of nercury nbooluto. Tontc woro n~do with thic irnlet pron-
guro rnd with inlet-air terporatures of 100° end 200° F over o
fuol-alr-rertio rengo as permittod by tho ongine. The lernest
mixturo wes the one at which the onglno still operated
smoothly erd tho richest mixturc wns the one used Just beforeo
the spr.rk plugs fouled.




With an inlet-air temporaturo of 300° ¥, the run was
nede at a constant inlet-air pressurs of 42.0 inches of mer—
cury abeolute over the fuol-air-ratio range. The prossure
in this cese was limitod Dy a condition of rough running,
wvhich began without warning at higher inlet pressures ané
throntoned to dsmage seriously the emgine. In order to detor-
mino the maximum constent ihlot-aolr prossuro that could be -
safoly used, the fuel-alr ratlo wes adjustcd for maximum
power whilo the inlet prossure was incressed to the point of
rough running. In this mehnor tho condition was encounterod
only once over the fuol-alr-ratlio range. No attempt woe mede
to use a higher air pressuroc in the lean or rich mixhuro
rogion. -

The extromely rough running as oxporiencod during tho
nephthalono tests did not give tho usual indications of knock.
It oceurrod for intorvals of eovernl cycles as 2 violent
thurroing or pounding within the engino nnd geve tho improssion
that tho cngine vmse ropidly nccelorating. This condition
bogan without warning ~nd ueurlly sbopped bofore nny chnnge
in englre operation could be mrde. The osclllogrnvh scrcon
indicatod very high presgurés and changes of pressvuro of
grecter mrgnitudo than are usunlly causod by kmock. Tho
cormion Yinging ping of sudible kmock, as oncountored with.
gapolinos rnd also with nephthelene at advarcod sperlr sottings
incidont to the detorminstlor of tho optimun ~advance rngle,
did not occur. No tcsts for proignition were mrdc during
sovoro thurping es tho fuel supnly wrs shut off to nrovort
drnnge to the engino. Whon tho lgnition switch weo opored 1n=
rodlatoly oftor tho thurping stopped, no algns of prelgnition
woere evidont.

During the investigetion ono ongine fallure wrs causad
by rough running. Tho sloeve in which the cylindor wes
nounted for the purpose of ralsing and loworing tho hoad weas
cracked, Condltione preceding the fallure wore. spoed, 2000
rpm; compression ra.tio. 9; spark advance, 20§- .B.T.0.; inlot-
eir temporeture, 146° F; inlct-rir pressure, 53 .inchos mor—
cury absoluto; indicateod mean effectivo prossure, 24l.5
pounds per square inch; and fuol-alr r-tio, 0.08l., Tron this
polnt tho mixture weas onrichod by r smell addition of fuol.

A falling off of power output tas noticod, poseibly duo to
one spark plug cutting out. After 4 cr 5 soconds, the ig-
nition trouble apperontly corroctod 1tself ~nd tho orgine
imnmediatoly wont into violont rough running and failcd beforo
it could be stovped.




" The spark-advance angle, employed in thc tests for ocach .
compreesion ratio, was obtained by plottlng indicated power
output against spark advance with the englne operating at
atmospheric inlet pressure, inlot-air temperature of 1c0° ¥,
and optimum fuel-air ratio. The spark-advance anglo usod
was tho anglo thi.t produced a reductlon of 1 percent of maxi-
mm indicated power on tho retarded sido of the curve. As
the peak of such a spark curve is almost flat, it is difficult
to pick the optirmum spnark-advance angle. Oporation with e
slightly retarded spark permittcd ndditional boost ond tho
cngine was penalized less than if the spark was too far sd-
vanced.

Tuel-injection timing wee 40° A,T.C. on tho intnke
stroke ond the valve opening prossure was 350 pounds per
square inch. These two conditiong remasined constant for
all testes described in this report.

In order to compare the performance of naphthalene with
a kmown fuel, & rilxture of 5«1 nnd tetraethyl lead was used.
Preliminary tosting with increasing amounts of lead showed
that S-1 plus 6 ml TEL per gallon approeched the porformance
of naphthalone. This mixture was used because the addition
of more load would not have greatly ilncreased the knock
limit of the mixture. During tho tosts of 5~1 plus lead,
moxirum allowoble inlet-alr pressure was usad over the fuel-
air-ratio range and with this exception 1l other condltions
wore tho same as for the corresponding naphthalene tests.

The results of the tests with naphthnlene and lended S-1
for tho same inlet—alr temperaturo zre plottcd togothor for
easicr comarison. Figures 56 6, nnd 7 show tho results for
inlet-air temper~tures of 100°, 200°, and 300° ¥, respectively.
The naphthrlene curves erc reproduced as o group in figuro S;
leadod 5-1 curves are reproducod as & group in flgure 9.

Additionel naphthaleno tests ot an engine speod of 2000
rpm were mrde with atmospheric inlet pressure. The results
with inlet—air ‘texporatures of 100°, 200°, and 300° F and
with compreossion ratio of & are shown in figuro 10. Tho ef-
focts of verying tho corpression ratio from 8 to 11 wita at-
mos%heric inlet proessure and constant inlet termwercture of
100" ¥ are shown in figure 1l.

Tho berometric prossures rccorded during the period cof
these tests varied from 29.75 to 30.U4 inches of morcury.



SUPPLEMENT

An attompt was mado to operate tho onglne with solid
fuel. It was observed durlng the tosts thet when molten
naphthalene was dischargod into the atmosphere by the injec—
tion valve a cloud of fine whito naphthalone dust formed
soveral inchos from the end of tho valve. An intake manifold
wag made, which conslsted of a vertical ateol cylindor of 5-
inch insido diamotor and 18 inchee long with a soat for the
injectlon valve on the top cover. Inlot air entorod at the
top end was passed eround tho cnd of the lnjoction valvo in
ordor to carry tho solld particlos of fuel into tho englne.
Attompte to start the engino et various spoods, corprossion
retios, nnd fuel quantltios were unsuccessful.

Another problen investigated during the naphth~leneo
tests wos tho possibility of starting n cold ongino using
nolton fuol ~nd cold inlet : ir. The irlot air ard ongine
termorrtures wore botih about 50° T and the fuol torporaturo
wes in the usuel torporature range of 220° to 230° F. With
tho onzino motoring ond the irmition switch on, tho fuol wnas
injoctod into tho menifold. The engino did not firé and
nfter cbout 1 niinuto 1t was noticod thet tho flow of inleot
oir hed rlmost stoppod. Wien tho intale nanifold s removed,
1t wes found thet the fuel, ~ftor comirg into contnct with
the cold intnlze mort w-lls, hed solidifiod ~nd elrost core
nlotoly filled the port, s shown by tho vhotozrmph in figuro
4. After the soiid navhthrlone was romoved from tho intrixo
nori, nttormpts to fire the ongine wore mede while the coolexnt
temporaturoc was being incroasod. It wes not until tho ccolnnt
temporature renched 215 ¥ that the onginc d1d firo. Evidently
the engine terperature had to excced substenticlly the nnph-
thalene molting point for ready starting.

FTouling of spork plugs wane a frequont cruse of trouble
during tho tosts. It was necoss~ry to clean tho plugse bofore
orch run and ofton during a run. The Chhmvion RJ-11, & cold
running plug, wos used to avoid the preignition. tendoncios
of wormor running piugs, although-it is nmore eusceovtiblo to
fouling. ZIngine porformenco wes limited by preiznition when
n B, G. 3B~2 sparl: plug was used.

The largest sourco of trouble rnd causs of dolry wes in
the injecction pump, the pump plungeor rnd plungor aslcovo
being loppod to fit within vory closo liaits in ordor to
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prevent leskage of fuel around the plungcr. Normnlly theso
pexrts opernte at or nenr atmogpheric tommerature and even

with norlubricating fuels, such as gasoline, glve long service.
It 18 beclieved that the high temperature of the fuel cazused
the surfoces to gall and freoze the plungéer within the sleeve,
A gpecial plunger and sleevo cgsembly with a looser fit wes
obtained and gave less trouble than standnrd parts.

Another obsorvation made during these tests wos the
amount of dilutlion of crnnkcase o0ll with ncphthalene. Annly-
sis of the crankecase oll after various periods of running
gave the following results: after 1.25 hours at an inlet-air
tomperature of 240° ¥, dilution 1.5 percent by weight' 2.5
hours at 280° ¥, 1.7 percent; 2.E6 hours at 100° ¥, 2.6 por-
cont; 25 hours at various inlet-alr temporaturss from 100°
to 250° ¥, 7.4 vporcent.

ANALYSIS OF DATA

When the curves in figures 5 to 7 were studied from a
standpoint of fuel consumptlon, 1% cppoars that, for fuel-~
air ratio larger than about 0.77, naphthalene is a
mich better fuel than leaded S-l. The axplanation for the
intersection of the coneumption curves lies in the greater
fuel-alr ratios required with nqphthalene for thc complete
utllizntion of the oxygen.

For naphthalone, the stoichiometric mixture ratio is
0.C769, wherens for iscoctane it is 0.0658. The fuel-pir
rontios detormined wore divided by the stoichiometric retios
and the data wero roplottcd as shown in figures 12 to 1k.
When plottod in this manner, any vorticel displacemont of
the curves ias due to differences in theo lower hoating value
or thormal efficioncy of the fuels in tho englne.

The following table, propared from the dr.to prosontcd
in figuros 12 to 14, shows taat in tho rich regzion the ratio
of fuel-consuuption rates, nophthalerno to lsooctaneo, ic =bout
the sameo ns tho ratio of the net hort of coxmbustion of tbo
two fuols (1.1l4Y4).




Juel consumption
(1v/1np - hr)

Fuol-air ratio
Stoichiomotric ratio

0.8

1.0

1.2

Inlet-air temmoraturs, 100° F

S-1 + 6 ml TEL 0.346 0.350 C. 480

Naphthelene U472 RITY S .536

Batio, naphthelcre to S-1 1.364 .200 1.116
Inlot—eir tzmporature, 200° ¥

§-1 + 6 o1 TEL 0.351 0.378% 0.472

Naphthalenre ko LGl .538

Ratis, narphthelnne to S-1 1.251 1.219 1.1L0
Inlot-alr termeraturs, 3007 ¥

S-1 +6 ml TEL 0.355 0.380 0.1464

¥aphthalono 1428 .459 534

Ratio, nophthaleno to S-1 1.205 - 1.,2C8 1.151

This fact indicates thet both fuels in the rich roglon
have tho same thormnl officioncy in the CFR engine.
loan rogion tho thermal officloncy for naphthaloneo waas lower
with a definlte improvement as the inlet-nir teamperature was
ralsed, posslbly due to better vaporization of the fuol in

wrmor alr.

In the
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From a comperison of indicated meesn effective pressure,
nephthalone has a higher knock limlt than S-1 plus 6 nl TEL
per gallon. XFigure 5 does not show a great advantage of
nephthalene in this respect because its maximum performance
was not attalned. The superiority of naphthalene bccomes
more epparent Iln figures 6 and 7.

Figuros 10 rnd 11 show the offocts of verying the inlet-
elr tempercture and compreodsion ratio with other conditions
romalning constent. Higher inlet-nir temperatures cause a
docroaso in irdlcatod mean effectlve pressure and highor com—
prossion ratios result in lower fuel-consumption retes and
incrensed irdicated rear effectlive pressure.

COnCLUSION

The datn obtained from an investigation of naphthalone
as & possible alrcraft fuel indicato that:

l. HNrphthaleno has a hlghor knock limlt and 1s cepeble
of higher indicated nmecn offoctive prossurcs than a mixture
of S-1 plus 6 ml TEL por gellon.

2. The spocific fuel consumption of naphthalene is
highor than that of 5-1 because of its lower hecting value.
In the rich-mixture region, nephthalene hins about the same
thermel efficlerncy as S5~1. In the lean—-mixture rogion, the
thernol efficioncy of naphthrlene 1s lower than that of S-1
and increnses with ircreasing inlet—alr temperaturcs.

3. Bocause naphthalene is @olid ot ordinary tempcratures,
some auxiliary equipment for starting will probably be necded.

4. Unless rather high engine temperrturos arc erployed,
crankcnse dllution may be o serious difficulty. At low tem-
peratures sone solld sepoar-~tion may clog the oil lines.

Notiornal Advieory Cormittec for Asronautics,
Lrngley Mcmorial Aerornuticoel Laboratory,
Langley Field, Ve., August 28, 1941.
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Figure 3. - View of injection pump, injection valve, and engine.



Figure 4. - Choking of intake port caused by solidification
of molten fuel during an attempt to start a cold engine.
Portion of intake manifold shown at left and jacketed
injection valve at right.
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